Single-shot readout of an electron spin in silicon 
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The size of silicon transistors used in micro- 
electronic devices is shrinking to the level where 
quantum effects become important^. While this 
presents a significant challenge for the further 
scaling of microprocessors, it provides the po- 
tential for radical innovations in the form of 
spin-based quantum computer^^^ and spintronic 
devices^. An electron spin in Si can represent 
a well-isolated quantum bit with long coherence 
times^ because of the weak spin-orbit coupling^ 
and the possibility to eliminate nuclear spins from 
the bulk crystal^. However, the control of single 
electrons in Si has proved challenging, and has so 
far hindered the observation and manipulation of 
a single spin. Here we report the first demon- 
stration of single-shot, time-resolved readout of 
an electron spin in Si. This has been performed 
in a device consisting of implanted phosphorus 
donors^ coupled to a metal-oxide-semiconductor 
single-electron transistor^^ — compatible with 
current microelectronic technology. We observed 
a spin lifetime approaching 1 second at magnetic 
fields below 2 T, and achieved spin readout fi- 
delity better than 90%. High-fidelity single-shot 
spin readout in Si opens the path to the develop- 
ment of a new generation of quantum computing 
and spintronic devices, built using the most im- 
portant material in the semiconductor industry. 

The projective, single-shot readout of a qubit is a cru- 
cial step in both circuit-based and measurement-based 
quantum computer^^. For electron spins in solid state, 
this has only been achieved in GaAs / AlGaAs quantum 
dots coupled to charge detectors^^H^. The spin read- 
out was achieved utilizing spin-dependent tunnelling, in 
which the electron was displaced to a different location 
depending on its spin state. The charge detector, elec- 
trostatically coupled to the electron site, sensed whether 
the charge had been displaced, thereby determining the 
spin state. Here we apply a novel approach to charge 
sensing, where the detector is not only electrostatically 



coupled, but also tunnel-coupled to the electron sit^^, as 
shown in Fig. la. As a charge detector we employ here 
the silicon single-electron transistoi^^ (SET), a nonlinear 
nanoelectronic device consisting of a small island of elec- 
trons tunnel-coupled to source and drain reservoirs, elec- 
trostatically induced beneath an insulating Si02 layer. 
A current can flow from source to drain only when the 
electrochemical potential of the island assumes specific 
values^^, resulting in a characteristic pattern of sharp 
current peaks as a function of gate voltage (Fig. le). The 
shift in electrochemical potential arising from the tun- 
nelling of a single electron from a nearby charge centre 
into the SET island is large enough to switch the current 
from zero to its maximum value. This tunnelling event 
becomes spin-dependent in the presence of a large mag- 
netic field, when the spin-up state | t) has a higher energy 
than the spin-down state | |), by an amount larger than 
the thermal and electromagnetic broadening of electron 
states in the SET island. Therefore we perform the ex- 
periment in high magnetic fields, 5 > 1 T, and very low 
electron temperatures, Tq\ ^ 200 mK. 

The high effective mass and the valley degeneracy in 
silicoiP^ require very tight confinement to isolate a single 
electron in a non-degenerate state. Phosphorus atoms in 
silicon naturally provide a sharp confining potential for 
their bound donor electron, with the additional advan- 
tage that the ^^P nuclear spin can be used as a long-lived 
quantum memory^. Therefore we have fabricated a de- 
vice where P donors were implanted in a small region 
(90 X 90 nm^) next to the SET (Fig. Ic). The P+ ion flu- 
ence was chosen to maximize the likelihood that 3 donors 
are located at a distance ~ 30 — 60 nm from the SET is- 
land and can be tunnel-coupled to it, forming a parallel 
double-quantum-dot system^^. The SET top gate and a 
plunger gate overlaying the P implanted area provide full 
electrostatic control of the hybrid double-dot. 

To perform spin readout we bias the gates so as to tune 
the electrochemical potentials on the SET (/isEx) and a 
nearby donor (/i^ and /i^ for states | \) and | t), respec- 
tively) such that the SET current, /set, is zero when the 
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electron resides on the donor, while /set 7^ when the 
donor is ionized. The readout protocol consists of three 
phased, shown in Fig. lb. (i) A Load phase, during 
which an electron in an unknown spin state tunnels from 
the SET island to the donor, since /isET > A^i^Mf "^^^ 
electron loading is signalled by /set dropping to zero. 
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FIG. 1: Spin readout device configuration and charge transi- 
tions, a Schematic showing the spin-dependent tunnelling con- 
figuration, where a single electron can tunnel onto the island of a 
SET only when in a spin-up state, b Pulsing sequence for single- 
shot spin readout (see main text), and SET response, /set- 
The dashed peak in /set is the expected signal from a spin-up 
electron. The schematics at the top depict the electrochemical 
potentials of the electron site {/J^i,^), of the SET island (/xset) 
and of the drain contact (/xd)- c Scanning electron micrograph 
of a device similar to the one measured. The P donors implant 
area is marked by the dashed square. The total expected num- 
ber of implanted donors is 18 (Poisson statistics), of which ^ 3 
are close enough to the SET to be significantly tunnel-coupled. 
Both DC voltages and pulses are applied to the gates as indi- 
cated. The red shaded area represents the electron layer induced 
by the top gate and confined beneath the Si02 gate oxide layer, 
d SET current /set as a function of the voltages on the top and 
the plunger gates, Vtop and Vp\, at B = 0. The lines of SET 
Coulomb peaks are broken by charge transfer events. The blue 
arrow on the transition at V^pi ~ —1.4 V shows the axis along 
which Vtop and Vpi are pulsed for compensated time-resolved 
measurements, ensuring that /xset remains constant during the 
pulsing, e Line traces of /set along the solid and dashed lines in 
panel d. Ionizing the donor shifts the sequence of SET current 
peaks by an amount AVtop = Aq/Ctop, causing a change AI in 
the current. The charging energy of the SET is Ec ^ 1.5 meV. 



(ii) A Read phase, during which a spin-down electron 
remains trapped on the donor, leaving /set = 0, but a 
spin-up electron can tunnel onto the SET island, causing 
^SET = /max- A (different) spin-down electron from the 
SET island can later tunnel back onto the donor, blocking 
the current again. Therefore, the signal of a state | t) is a 
single current pulse at the beginning of the Read phase. 

(iii) An Empty phase during which the donor is ionized, 
to ensure a new electron with random orientation can be 
loaded at the next cycle. 

Measuring /set as a function of the plunger (Vpi) and 
SET top (Vtop) gate voltages, yields the map shown in 
Fig. Id. Each time a charge centre coupled to the SET 
changes its charge state, the sequence of SET current 
peaks breaks and shifts in gate voltage by an amount 
AVtop = Ag'/Ctop, where Aq is the charge induced on 
the SET island and Ctop is the capacitance between is- 
land and top gate (Fig. le). Figure Id shows a large 
number of charge transitions for — 0.7 < Vp\ < V. Most 
of these transitions are irreproducible and hysteretic, and 
are probably caused by the charging/discharging of shal- 
low traps at the Si/Si02 interface. The transitions for 
Vpi < —0.7 V, however, are stable and well reproduced 
even after several thermal cycles. Their number is con- 
sistent with the expected number of implanted donors in 
the active area, and they have been observed in a number 
of similar devices^^. Considering the results of the spin 
lifetime measurements discussed below, it is likely that 
we are observing transitions between and stateP^ 
of implanted P donors^^. 

The charge transition at Vp\ ~ —1.4 V in Fig. Id has 
a large Aq ^ 0.7e, where le is equivalent to the spac- 
ing between adjacent current peaks. This indicates a 
donor very close to the SET islancPH. Accordingly, we 
find a fast electron tunnelling time between the donor 
and the SET, of order 10 /is. For comparison, the charge 
transition at Vpi ~ —1.1 V has a lower Aq ^ 0.3e and 
a much slower tunnel time ~ 10 ms, consistent with a 
donor further away. We chose the donor transition at 
Vpi ^ —1.4 V to implement the spin readout protocol. 
Figure 2b-g illustrates the method we used to find the 
values of Vpuise during the Read phase at which spin- 
dependent tunnelling is achieved. By lowering the Read 
level from too high (Fig. 2c) to too low (Fig. 2g), the time 
traces of /set during the Read phase show a transition 
from /set = /max, through random telegraph signal, to 
^SET = 0, passing through a region where /set can be 
either zero (Fig. 2e) or show a spin- up signal (Fig. 2f). 
In this region, the condition /i^ < /isET < fulfilled, 
and a single-shot projective measurement of the electron 
spin state is performed. When plotting the average of 
several single-shot traces taken at different read levels, 
the correct readout range is highlighted by the appear- 
ance of a high current region at the beginning of the Read 
phase, spanning a time interval of the order of the elec- 
tron tunnel time (see also Fig. 3c). Such a high-current 
region is absent in measurements performed in zero mag- 
netic field, as expected. With a modified pulse sequence. 
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it is also possible to extract the Zeeman energy splitting 
Ez = QI^bB and demonstrate the deterministic loading 
of a I ^) electron (see Supplementary information). Be- 
cause the loading of a state | \) is controlled by gate 
voltages and occurs on ~ 10 /is time scales as determined 
by the electron tunnel time, this device already realizes 
two essential requirements for quantum computation and 
quantum error correction, namely, the single-shot read- 
out and the fast preparation of the qubit ground stat^^. 

For each single-shot measurement, the state is iden- 
tified as I t) when /set surpasses a suitably chosen 
threshold /t (Fig. 3b) during the first 100 /is of the 
Read phase. Defining as the probability to observe 
a spin-up electron, we find that decreases when in- 
creasing the wait time Tw before the spin is read out 
(Fig. 3a), because the excited state | t) relaxes to the 
ground state | \). The wait time dependence of P^ 
(Fig. 3d) is well described by a single exponential de- 
cay, P^{t^) = P'^(O) exp(— Tw/Ti), where Ti is the ex- 
cited state lifetime. We note that measuring Ti does not 
strictly require single-shot readouiP^*^. Since the spin- 
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FIG. 2: Single-shot spin readout and calibration of the read 
level, a Three-level pulsing sequence for spin readout. The 
Load and Empty levels are kept constant, while the Read level is 
scanned from high to low. b SET current /set , averaged over 
128 single-shot traces, as a function of the Vpuise level during the 
Read phase. Data taken with an applied magnetic field B = 5 T 
and a detection bandwidth of 40 kHz (rise time 10 s). c - g 
Examples of single-shot traces, c Read level too high, /x^.,^ > 
Mset: The electron always leaves the donor during the Read 
pulse, regardless of its spin, d /j^i ^ /xset: Random telegraph 
signal indicates an electron switching between SET island and 
I D state, e and f Correct Read level, /i^. < //set < Mt- 
/set = during the Read phase indicates a | 1) state (e). A 
single current pulse at the beginning of the Read phase is the 
signature of a | t) electron (f). The regime of correct Read level 
is recognizable by the isolated increase in /set- g Read level too 
low, /i^.,^ < /isET: The electron never leaves the donor during 
the Read pulse. 
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FIG. 3: Spin-lattice relaxation rate, a Pulsing sequence for 
measuring the spin relaxation rate 1/Ti, identical to Fig. 2a but 
with a variable Load/Wait time Tw b Single-shot spin readout 
traces. A | t) state is counted when /set > /t = 0.45 nA. 
c Average of 500 single-shot traces, d The spin-up fraction 
P^^Tw) can be obtained by counting the | t) states in single- 
shot (dots) or by integrating (/sET)(t) (squares). Rescaling and 
normalizing the integral of (/set) shows that the two approaches 
are equivalent and can be fitted by the same exponential decay 
(solid line). Here B = 5 T. e Magnetic field dependence of 
1/Ti. Error bars are 95% confidence levels. The data follow 
l/Ti{B) = 1.84 s-^ + 0.00765^ s-^T"^ (red line, sum of the 
dashed lines). The point at B = 1.75 T is not included in the 
fitted dataset. Inset: exponential decays of the normalized spin- 
up fraction, at different magnetic fields as indicated. 



up current pulses occur with the highest probabiUty in a 
weh defined time interval, the average current (/set)(^) 
has a Poissonian shape (Fig. 3c), and its integral is pro- 
portional to P^. Figure 3d shows that the integral of 
(/set)(^) for < t < 100 /is can be rescaled and super- 
imposed with P^ as obtained from single-shot readout, 
and an exponential fit yields the same Ti for both meth- 
ods. Single-shot readout provides an absolute measure of 
P-^., but integrating (/set)(^) is simpler and faster, and 
is used for the Ti measurements below. 
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The measured spin relaxation rate as a function of 
magnetic field, T^^{B), at phonon temperature T ^ 
40 mK, is plotted in Fig. 3e. The data for 5 > 2 T 
are well described by the function T^^{B) ^ Kq + 
K5^^ with = 1.84 ± 0.07 s-i and = 0.0076 ± 
0.0002 s-^T-^ A fit of the form T^"^ (5) = Ko^KaB^, 
where Kq^ Ka and a are free parameters, yields a = 
4.8 ± 0.2. The dependence agrees with the low- 
T limip] {k^T < gii^B) of a spin-lattice relaxation 
mechanism arising from the effect of spin-orbit coupling, 
through the deformation of the crystal lattice caused by 
the emission of an acoustic phonoiP^ when the state 
I t) relaxes to | \). This result is incompatible with 
the known relaxation process for interface traps, which 
is dominated by the coupling to two-level fluctuators'^. 
A recent electron spin resonance experiment on shallow 
traps at the Si/Si02 interfac^ found Ti 800 /is at 
T = 350 mK and B = 0.32 T, i.e. 2 to 3 orders of magni- 
tude shorter than our result, despite the much lower mag- 
netic field. Conversely, our measurements are in qual- 
itative and quantitative agreement with the behaviour 
of T^^ measured in bulk-doped P:Si samples^ (see Sup- 
plementary information for a detailed discussion). This 
constitutes a strong indication that we have measured 
the spin of a single electron bound to an implanted P 
donor. 

To assess the effectiveness of the spin readout pro- 
cess for quantum information purposes it is important to 
quantify the readout fidelity, i.e., the probability that an 
electron spin state is recognized correctly. In Fig. 4, we 
show the analysis of the readout fidelity for a set of 10,000 
traces. The spin state is decided based on the peak value 
/p taken by /sET(t) in the interval < t < 100 /is. The 
probability distribution of the peak currents /p is shown 
in Fig. 4b. The two well-resolved probability peaks in- 
dicate that /p takes two preferential values depending 
on the electron spin state. We have developed a numer- 
ical model that accurately simulates the measurement 
process and yields two separate histograms of peak cur- 
rent values for the states | 1) and | t)^ ^i,t(^p)' i"espec- 
tively (see Supplementary Information). The calculated 
A^l^^(/p) are in excellent agreement with the measured 
histogram (Fig. 4b). With the knowledge of N^^^{Ip), the 
readout fidelities'^ are obtained as = 1 N_i{I)dI 

and = 1 /^^ 7V-^(/)d/ for the states | |) and | t), re- 
spectively, as a function of the discrimination threshold 
/t (Fig. 4c). The integrals in F^^^ represent the prob- 
ability that the spin state is incorrectly assigned, either 
because a spin-down trace has a noise spike > /t, or be- 
cause a spin- up signal does not reach the threshold. The 
visibility, defined as F = + F-^ — 1 , reaches a maximum 
value ~ 92% at /t = 1.1 nA, where the readout fidelities 
are F; ^ 99% and F^ ^ 93%. 

Combining spin resonance experiment d' with the 
ability to read out a single spin will provide a defini- 
tive framework in which to demonstrate and exploit co- 
herent quantum control of a donor electron and nuclear 
spin. The high-fidelity, single-shot electron spin readout. 
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FIG. 4: Readout fidelity and visibility, a Exannples of single- 
shot /set traces, each shifted by 4 nA for clarity, with B = 5 T 
and 120 kHz bandwidth 3 /xs rise/fall time). The spin is 
labeled | t) (I'ed) or | 1) (blue) depending on whether /set passes 
the threshold It = 1-1 nA (dashed lines), b Histogram (circles) 
of the maximum values of /set in the interval < t < 100 //s 
(black squares in panel a), obtained from a 10,000 shots dataset. 
The blue and red lines are simulated histograms for states | l) 
and I t). respectively, and the black dashed line is the sum of 
the two. The simulated curves are obtained using = 0.47, 
A/ = 1.9 nA, l/rt,out = 10 /is, l/r^,in = 40 /is. c | ;) (blue) 
and I t) {^^^) readout fidelities, and readout visibility (black) 
as a function of the discrimination threshold It- The maximum 
visibility is 92% at It ~ 1-1 nA. d and e Histogram (circles) 
of the tunnel-out times for spin-up electrons, r^,out (d), and 
subsequent tunnel-in times for spin-down electrons, ri^in (e), as 
defined on the top trace in panel a. In d, notice a systematic 
^ 10 /is delay between the beginning of the Read phase and the 
tunnel-out events, due to the response of the amplifier and filter 
chain. The solid lines are exponential fits to extract the tunnel 
rates. These values of l/r^,out and l/r4.,in were used to obtain 
the simulated curves in panel b. 



demonstrated here for the first time in silicon, represents 
the critical step to unlock the full potential of silicon- 
based quantum information science and technology. 
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